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Renal brush border membrane Na/P1-cotransport: Molecular aspects in
PTH-dependent and dietary regulation. Inorganic phosphate (P) is
reabsorbed in renal proximal tubules in a sodium (Na)-dependent manner
involving brush border Na/P1-cotransporter(s). Regulation of renal P-
reabsorption, such as by parathyroid hormone (PTH) and/or by dietary
P1-deprivation, involves alterations in the rate of Na/P-cotransport. Two
structurally different Na/P-cotransporters have been identified: type I-
transporter and type Il-transporter. The related mRNAs and proteins are
located in the proximal tubule and in the brush border membrane. In
heterologous expression systems type I and type II Na/P1-cotransporters
mediate Na/P-cotransport. Characterization of the transport properties
suggested that the type II transporter is 'responsible' for brush border
membrane Na/P1-cotransport (as observed in isolated vesicles). Adminis-
tration of PTH to rats resulted in an inhibition of brush border membrane
Na/P-cotransport (vesicles) and in a reduced brush border membrane
content of the type II transporter. Feeding low P1-diets resulted in an
up-regulation of Na/P-cotransport (vesicles) and of type II transporter
content; only after a prolonged exposure to low P-diets (more than 4 hr)
was an increase in specific mRNA content observed. Refeeding high P
diets had the opposite effects on Na/P1-cotransport activity and on type II
transporter protein. It is currently the task of future experiments to define
the specific mechanisms leading to protein-synthesis-independent (PTH,
acute P-deprivation, P-refeeding) and to protein-synthesis-dependent
(prolonged P-deprivation) regulation of the type II Na/P1-cotransporter.
The kidney plays a key role in controlling P1-homeostasis,
mainly by altering proximal tubular reabsorption [1—4]. In vivo
and in vitro microperfusion studies and experiments on isolated
brush border membrane vesicles have previously documented that
brush border membrane sodium-dependent phosphate transport
mechanisms [Na/P-cotransporter(s)1 are the rate limiting steps in
P1-reabsorption [4—7]. These 'apical' transport steps are also
participating in physiological (and pathophysiological) alterations
in renal P, handling [3—7]. For example, parathyroid hormone
(PTH)-dependent control and dietary intake-dependent alter-
ations of urinary P excretion are due to alterations in the rates of
brush border membrane Na/P1-cotransport (see below). Similarly,
the renal P leak in X-linked hypophosphatemia is related to a
reduction in renal Na/P1 cotransport activity [8]. The recent
molecular identification, by expression cloning techniques, of
renal brush border membrane Na/P1-cotransporters not only
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permitted an identification of the molecular structure of these
transporters [9—11], but also gave more information about phys-
iological and pathophysiological alterations of these transporters
at the molecular level. In this brief overview we shall first describe
the molecular structure and 'cell localization' of the renal brush
border Na/P-cotransporter(s) and then discuss some aspects of
physiological/pathophysiological regulation. For the latter aspect
we will concentrate on PTH and dietary P1-intake as well as on
X-linked hypophosphatemia.
'Functional' and 'structural' aspects of renal brush border
Na/P1-cotransporters
Two entirely different renal brush border Na/P1-cotransporters
(type I and type II Na/P-cotransporter [10]) have been identified
by expression cloning techniques [9, 11—20]. When expressed in
Xenopus laevis oocytes or in MDCK cells both transporters
mediate Na-dependent P1-uptake (Na/P1-cotransport); the type II
transporter was also functionally expressed in insect sf-9 cells [9,
11, 14—16, 18—24]. Extensive characterization of type land type II
mediated transport into Xenopus laevis oocytes, by either tracer
techniques or by electrophysiological techniques, showed overall
characteristics compatible with the properties previously obtained
in studies on isolated vesicles and/or from intact tissue studies
only for the type II transporter [5—7, 9—11, 15, 21, 25, 26]. In brief,
the type II transporter accepts both inorganic phosphate and
arsenate as substrates, and most likely co-transports 3 Na-ions.
Furthermore, it shows a characteristic pH-dependence, that is,
higher rates at more alkaline pH-values and at physiological P.-
and Na-concentrations, which is most likely explained by a
competition of protons with Na interaction rather than by pref-
erential transport of divalent P1 [5, 9, 15, 21, 25, 261. The type I
transporter seems also to transport P1 in a Na-dependent manner,
but apparently also functions as an anion channel accepting
chloride and several organic anions such as probenecid and
benzyl-penicillin (Note added in proof).
The type I Na/P1-cotransporter is around 465 and type II
cotransporter 635 amino acids long [9—li]. In Western blots using
isolated brush border membrane vesicles the type I transporter
has an apparent molecular weight of 60 to 65 kDa and the type II
transporter of 80 to 90 kDa [27, 281. In accordance with in vitro
translation experiments (plus/minus microsomes, plus/minus en-
doglycosyclase treatments) we concluded that both transporters
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Fig. 1. Seconda,y structure prediction for the type
II Na/P1-cotransporter, According to hydropathy
analysis the transport protein spans at least
eight times the brush border membrane. The
transporter is N-glycosylated at the 2 positions
indicated (for further details [9, 10, 29]).
(type I and type II) are glycosylated [9—11]. Mutagenesis experi-
ments on the type II transporter provided evidence for the
preferential glycosylation at two sites (Fig. 1) [10, 29]. Hydropathy
analysis predicted that the type II cotransporter spans at least
eight times the membrane [9, 10]. With the available knowledge
on the glycosylation sites and the most likely cytoplasmic orien-
tation of both the carboxy- and NH2-termini (derived from the
accessibility to specific antibodies) we propose a structural model
for the type II transporter as shown in Figure 1 [10]. Only limited
information on the structure of the type I transporter is available;
hydropathy analysis suggested that it spans at least seven times the
membrane [10, 11]. Recent radiation inactivation experiments
provided evidence that the 'functional complex' of brush border
membrane Na/P1-cotransport system(s) is most likely homomul-
timeric (3 to 4 units) [30].
'Cell localization' of renal brush border membrane
Na/P-cotransporters
For both the type I and type II cotransporters, the related
mRNA was localized to the renal proximal tubule [28, 31]. Using
specific antibodies and cell fractionation techniques it was docu-
mented that the two transporters 'comigrate' with brush border
membrane marker proteins [27, 28]. Also, immunohistochemical
studies provided evidence for exclusive localizations of the type I
and type II cotransporter proteins in proximal tubular brush
border membranes [27, 28]. Interestingly, the type II transporter
has a highly 'dynamic' localization with cell to cell differences in
surface expression and with an additional location in intracellular
structures (Fig. 2) [28]. In contrast, the type I transporter seems to
be 'distributed' more uniformely at the apical cell surface [27].
Thus, on the basis of the above-described functional characteris-
tics and the 'dynamic' cell location, it is assumed that the type II
transporter determines the 'overall' properties of renal proximal
tubular brush border membrane P-transport and its regulatoiy
control.
PTH-dependent inhibition
Previous studies have documented that PTH leads to a reduc-
tion in the apparent Vm of brush border membrane Na/P1
cotransport [3, 5}. Tissue culture experiments provided evidence
for an involvement of protein kinases A and C, and most likely of
an endocytic step in PTH-action [6, 7, 33, 34]. In immunoprecipi-
tation experiments it could be shown that the type II transporter
is indeed a phosphoprotein [35, H. Murer and J. Biber, unpub-
lished results]. In an attempt to identify potential phosphorylation
sites within the type II transporter molecule we have recently
expressed it in Xenopus laevis oocytes and have 'modulated'
Na/P1-cotransport activity by pharmacological activation of either
protein kinase A or C. In apparent agreement with the presence
of protein kinase C sites and the lack of protein kinase A
consensus sites (rat, NaPi-2), we found a reduction of transport
activity by protein kinase C activation [35]. Site directed mutagen-
esis of individual or of all of the kinase C consensus sites did not
prevent this regulation [35]. Therefore, we must conclude that
'cryptic' rather than 'canonical' sites are involved in this regulation
or that a 'regulatory' component (subunit) is involved in this
kinase mediated regulation of Na/P1-cotransport. In immunohis-
tochemical studies we recently provided evidence for the involve-
ment of an endocytic mechanism in PTH-dependent control of rat
proximal tubular Na/P1-cotransport (Fig. 2) [32]. Infusion of PTH
led to a reduction in the brush border membrane Na/P1-cotrans-
port rate, paralleled by a decrease in brush border membrane type
II transporter content (Western-blot, immunohistochemistry) and
by an increased localization in intracellular compartments ('sub-
apical endosomes'; Fig. 2). It will be of interest to define the
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Fig. 2. Immunohistochemical evidence for an involvement of endocytosis in PTH -dependent inhibition ofproximal tubular P,-reabsoiption. Specific antibody
recognition of the type II Na/P-cotransporter [28] is visualized. As seen in the figure, within two hours of PTH-injection the type II cotransporter is
removed from the brush border membrane; the fluorescence staining at the brush border site is reduced.
signalling pathways (phosphorylations) and the cellular mecha-
nisms leading in PTH-action to the retrieval of the Na/Pt-
cotransporters.
Dietary P1-deprivation
Dietary restriction of P is associated with an 'adaptive' increase
in proximal tubular P1-reabsorption and thus in the rate of brush
border membrane Na/Pi-cotransport [1,2,6, 7, 19, 36—38]. Studies
on animals (including also the isolated vesicle technique) and
studies on cultured renal epithelial cells have documented that the
'adaptive' response is in part a 'direct' response of the proximal
tubular epithelial cells and involves a fast protein synthesis-
independent component as well as a slow protein synthesis-
dependent component [6, 7, 39]. Recently, using the newly
available molecular tools (eDNA probes, antibodies), we have
analyzed the effect of altered dietary P1-supply in thyroparathy-
roidectomized rats (Fig. 3) [40, 41]. Feeding a low P, diet
increased quickly within two hours the rate of brush border
membrane Na/P1-cotransport; this increase was parallelled by the
type II transporter content in the brush border membrane (West-
ern blot; immunohistochemistry). A reverse result was obtained
when a high P diet was given (for 2 hr) to animals adapted
'chronically' (7 days) to low P diets. In this case transport was
down-regulated, parallelled by a decrease of the type II cotrans-
porter in the brush border membrane. Feeding a low P1 diet did
not alter the specific mRNA content within the two hour time
period; however, an increase could be observed at four hours.
Re-feeding high P,-diets to animals 'chronically' adapted to low P,
diets did not lower the specific mRNA content within two to four
hours. These studies suggested that adaptation of tubular P1
reabsorption to dietary P1 intake consists of two components: (1)
a fast increase in surface expression not related to alterations in
mRNA-content; and (2) a 'slow' (adaptive) response requiring
changes in mRNA content via transcription and/or stability.
Again, it will be the task of future experiments to define the
cellular mechanisms involved in these regulatory phenomena.
X-Iinked hypophosphatemia
A 'direct' involvement of brush border membrane Na/P1 co-
transport in the renal P leak associated with X-linked hypophos-
phatemia has been known for many years [8, 38, 42, 43]. In recent
studies it could be shown that the brush border membrane type II
Na/P1-cotransporter protein and kidney cortex mRNA content is
1.2 P 0.1 P 0.1 P 0.1 P 1.2 P, 1.2 P
reduced in parallel with reduced cotransport activity [421. How-
ever, the type II transporter is not on the X-chromosome but on
chromosome 5 [44]. Thus, the X-linked factor may control the
transcription rate (or mRNA stability) of the type II transporter.
On the other hand, the type II transporter is a likely candidate for
being involved in autosomal forms of hereditary hypophos-
phatemic rickets. The type I transporter, located in the human to
chromosome 6 [13], seems not to be able to contribute in a major
way to the overall renal handling of P, (see above), and therefore
does not seem to be involved in hereditary disorders of renal
P-handling.
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Fig. 3. P-deprivation dependent alterations in
(A) rat type II transporter (NaPi-2) protein
content, (B) rat brush border membrane Na/P1-
cotransport activity, and (C) specific rat type II
transporter mRNA content (NaPi-2). Rats were
fed for seven days with a diet containing high P1
(1.2 P) and were exposed for different time
periods to low P. (0.1 P). Rat's chronically
adapted to low P1 have been re-fed with high P
for either two or four hours. The data are
derived from a recent publication f40J. Symbols
in A are: (•) Na/P1 transport; (LI) 5-NT-
protein. Symbols in B are: (•) Na/P transport;
(LI) Na-glucose.
Note added in proof
BUSCH AE, SCHUSTER A, WALDEGGER 5, WAGNER cA, ZEMPEL G,
BROER 5, BIBER J, MURER H, LANG F: Expression of a renal type I
sodium/phosphate-transporter (NaPi-1) induces a conductance in Xeno-
pus oocytes permeable for organic and inorganic anions. Proc NatI Acad
Sci USA (in press)
References
I. BERNDT TJ, KNox FG: Renal regulation of phosphate excretion, in
The Kidney, Physiology and Pathophysiology, edited by SELDIN DW,
GIEBIscH G, New York, Raven Press, 1992, p 2511
2. DENNIS V: Phosphate homeostasis, in Handbook of Physiology, edited
by WINDHAGER EE, New York, Oxford University Press, 1992, p 1785
3. HAMMERMAN MR: Phosphate transport across renal proximal tubular
cell membranes. Am J Physiol 251:F385—F398, 1986
4. MURER H, WERNER A, RESHKIN S, WUARIN F, BIBER J: Cellular
mechanisms in proximal tubular reabsorption of inorganic phosphate.
Am J Physiol 260:C885—C899, 1991
1772 Murer et al: Regulation of proximal tubule Na/P ,-cotransport
A
-
d-z
6
L514lflII31 I I
I-
B
2 H
L
Ii4 I0I.
115
1.2
0.9
0.6
0.3
0.0
2000 200
. 1600 16000.
1200 120
—
800 80
(aZ 400 40
0.0 0.0
C
11)
0
0.
Ij-z
ci)
U)00
0
Caz
C
Murer et at: Regulation of proximal tubule Na/P1-cotransport 1773
5. GMAJ P, MURER H: Cellular mechanisms of inorganic phosphate
transport in kidney. Physiol Rev 66:36—70, 1986
6. MURER H: Cellular mechanisms in proximal tubular P1-reabsorption:
Some answers and more questions. JAm Soc Nephrol 2:1649—1665,
1992
7. MURER H, BIBER J: Renal tubular phosphate transport: Cellular
mechanisms, in The Kidney, Physiology and Pathophysiology, edited by
SELDIN DW, GIEBIscH G, New York, Raven Press, 1992, pp 2481—
2509
8. TENENHOUSE HS, SCRIVER CR: Renal brush border membrane adap-
tation to phosphorus deprivation in the Hyp/Y mouse. Nature 281:
225—227, 1979
9. MAGAGNIN S, WERNER A, MARKOVICH D, SORRIBAS V, STANGE G,
BIBER J, MURER H: Expression cloning of human and rat renal cortex
Na/P1 cotransport. Proc NatlAcad Sci USA 90:5979—5983, 1993
10. MURER H, BIBER J: Renal sodium-phosphate cotransport. Con' Opin
Nephrol 3:504—510, 1994
11. WERNER A, MOORE ML, MANTEl N, BIBER J, SEMENZA G, MURER H:
Cloning and expression of eDNA for a Na/P1 cotransport system of
kidney cortex. Proc NatlAcad Sci USA, 88:9608—9612, 1991
12. CHONG SS, KOZAK CA, Lw L, KRISTJANSSON K, DUNN ST, BOURDEAU
JE, HUGHES MR: Cloning, genetic mapping, and expression analysis
of a mouse renal sodium-dependent phosphate cotransporter. Am J
Physiol 268:F1038—F1045, 1995
13. CHONG SS, KRISTJANSSON K, ZOGHBI HY, HUGHES MR: Molecular
cloning of the cDNA encoding a human renal sodium phosphate
transport protein and its assignment to chromosome 6p2l.3-p23.
Genomics 18:355—359, 1993
14. CoLLINs JF, GHISHAN FK: Molecular cloning, functional expression,
tissue distribution, and in situ hybridization of the renal sodium
phosphate (Na7P1) transporter in the control and hypophosphatemic
mouse. FASEB J 8:862—868, 1994
15. HARTMANN C, WAGNER CA, BUSCH AE, MARKOVICH D, BIBER J,
LANG F, MURER H: Transport characteristics of a murine renal
Na/P-cotransporter. Pflugers Arch (in press)
16. MIYAMOTO K, TATSUMI 5, SONODA T, YAMAMOTO H, MINAMI H,
TAKETANI Y, TAKEDA E: Cloning and functional expression of a
Nat-dependent phosphate co-transporter from human kidney: eDNA
cloning and functional expression. Biochem J 305:81—85, 1995
17. Ni B, ROSTECK PR JR, NADI NS, PAUL SM: Cloning and expression of
a eDNA encoding a brain-specific Natdependent inorganic phos-
phate cotransporter. Proc NatlAcad Sci USA 91:5607—5611, 1994
18. SORRIBAS V, MARKOVICH D, HAYES G, STANGE G, FORGO J, BIBER J,
MURER H: Cloning of a Na/P1 cotransporter from opossum kidney
cells. J Biol Chem 269:6615—6621, 1994
19. VERRI T, MARKOVICH D, PEREGO C, N0RBIs F, STANGE G, SORRIBAS
V, BIBER J, MURER H: Cloning of a rabbit renal Na-/P1 cotransporter,
which is regulated by dietary phosphate. Am J Physiol 268:F626—F633,
1995
20. WERNER A, MURER H, KINNE RKH: Cloning and expression of a
renal Na/P-cotransport system from flounder. Am J Physiol 267:F31 1—
P317, 1994
21. BUSCH A, WALDEGGER 5, HERZER T, BIBER J, MARKOVICH D, HAYES
G, MURER H, LANG F: Electrophysiological analysis of Nap/Pr
cotransport mediated by a transporter cloned from rat kidney and
expressed in Xenopus oocytes. Proc NatlAcad Sci USA 91:8205—8208,
1994
22. FUCENTESE M, WINTERHALTER K, MURER H, BIBER J: Functional
expression of rat renal Na/P1-cotransport (NaPi-2) in Sf9 cells by the
baculovirus system. JMembr Biol 144:43—48, 1995
23. QUABIUS ES, MURER H, BIBER J: Expression of a renal Na/Pi
cotransporter(NaPi-1)in MDCK and LLC-PK1 cells. Pflugers Arch
430:132—136, 1995
24. QUABIUS ES, MURER H, BIBER J: Expression of proximal tubular
Na/phosphate and Na/sulfate transport in MDCK and LLC-PK1 cells
by transfection. Am J Physiol (in press)
25. AMSTUTZ M, MOHRMANN M, GMAJ P, MURER H: Effect of pH on
phosphate transport in rat renal brush border membrane vesicles. Am
J Physiol 248:F705—F710, 1985
26. HOFFMANN N, THEES M, KINNE R: Phosphate transport by isolated
renal brush border vesicles. Pfiugers Arch 362:147—156, 1976
27. BIBER J, CUSTER M, WERNER A, KAISSLING B, MURER H: Localization
of NaPi-1, a Na/P1 cotransporter, in rabbit kidney proximal tubules. II.
Localization by immunohistochemistry. Pflugers Arch 424:210—215,
1993
28. CUSTER M, LOTSCHER M, BIBER J, MURER H, KAISSLING B: Expres-
sion of Na-P-cotransport in rat kidney: Localization by RT-PCR and
immunohistochemistry. Am J Physiol 266:F767—F774, 1994
29. HAYES G, BUSCH A, LOTSCHER M, WALDEGGER S, LANG F, VERREY
F, BIBER J, MURER H: Role of N-linked glycosylation in rat renal
Na/P-cotransport. J Biol Chem 269:24143—24149, 1994
30. DELISLE M-C, GIROUX S, VACHON V, BOYER C, P0TIER M, BELIVEAU
R: Molecular size of the functional complex and protein subunits of
the renal phosphate symporter. Biochemistry 33:9105—9109, 1994
31. CUSTER M, MELER F, SCHLAITER E, GREGER R, GARCIA-PEREZ A,
BIBER J, MURER H: Localization of NaPi-1, a Na-P1 cotransporter, in
rabbit kidney proximal tubules. I. mRNA localization by reverse
transcription/polymerase chain reaction. P.flugers Arch 424:203—209,
1993
32. KEMPSON SA, LOTSCHER M, KAISSLING B, BIBER J MURER H, LEVI M:
Parathyroid hormone action on phosphate transporter mRNA and
protein in rat renal proximal tubules. Am J Physiol 268:F784—F791,
1995
33. KEMPSON SA, HELMLE C, ABRAHAM MI, MURER H: Parathyroid
hormone action on phosphate transport is inhibited by high osmola-
lity. Am J Physiol 258:F1336—F1344, 1990
34. MALMSTROM K, MURER H: Parathyroid hormone regulates phosphate
transport in OK cells via an irreversible inactivation of a membrane
protein. FEBS Lett 216:257—260, 1987
35. HAYES G, BUSCH A, LANG F, BIBER J, MURER H: Protein kinase C
consensus sites and the regulation of renal NaP-cotransport (NaPi-2)
expressed in Xenopus laevis oocytes. Pfiugers Arch 430:819—824, 1995
36. CHENG L, LIANG CT, SACKTOR B: Phosphate uptake by renal mem-
brane vesicles of rabbits adapted to high and low phosphorous diets.
Am J Physiol 245:F175—F180, 1983
37. LEVINE BS, Ho K, HODSMAN A, KUROKAWA K, COBURN JW: Early
renal brush-border membrane adaptation to dietary phosphorous.
Miner Electrol Metab 10:222—227, 1984
38. TENENHOUSE HS, MARTEL J: Renal adaptation to phosphate depriva-
tion: Lessons from the X-linkedHyp mouse. PediatNephrol7:312—318,
1993
39. CAVERZASIO J, BONJOUR J-P: Mechanism of rapid phosphate (P1)
transport adaptation to a single low P meal in rat renal brush border
membrane. Pflugers Arch 404:227—231, 1985
40. LEVI M, LOTSCHER M, SORRIBAS V, CUSTER M, ARAR M, KAISSLING
B, MURER H, BIBER J: Cellular mechanisms of acute and chronic
adaptation of rat renal P transporter to alterations in dietary P1. Am
J Physiol 267:F900—F908, 1994
41. WERNER A, KEMPSON SA, BIBER J, MURER H: Increase of Na/Pi-
cotransport encoding mRNA in response to low P diet in rat kidney
cortex. J Biol Chem 269:6637—6639, 1994
42. TENENHOUSE HS, WERNER A, BIBER J, MA S, MARTEL J, ROY 5,
MURER H: Renal Na-phosphate cotransport in murine X-linked
hypophosphatemic rickets. Molecular characterization. J Clin Invest
93:671—676, 1994
43. THORNTON SW, TENENHOUSE HS, MARTEL J, BOCKIAN RW, MEYER
MH, MEYER RA JR: X-linked hypophosphatemic Gy mice: Renal
tubular maximum for phosphate vs. brush-border transport after
low-P diet. Am J Physiol 266:F309—F315, 1994
44. Kos CH, TIHY F, ECONS MJ, MURER H, LEMIEUX N, TENENHOUSE
HS: Localization of a renal sodium-phosphate cotransporter gene to
human chromosome 5q35. Genomics 19:l76—177, 1994
